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ABSTRACT

The purpose of this research was to develop a coupled sea ice-ocean

model capable of simulating the upper ocean circulation features of the

Marginal Ice Zone (MIZ). A sea ice model using the Rossby-similarity

method was added to a two-dimensional, embedded ocean general circula-

tion--mixed layer model. Advection, diffusion, and mixing of buoyancy

and momentum were included in the model to determine their effects on

the ocean response. In particular, the case of Northern Hemisphere ice

edge upwelling was investigated. Ice edge upwelling was created for a

down-ice geostrophic wind and varying surface buoyancy flux forcing. It

appeared in model solutions for both stationary and moving ice covers

and is driven by a divergence in the oceanic surface transport across

the ice edge. These results are supported by the observations of the

NORSEX group in the Greenland Sea MIZ (Johannessen et al, 1983). For an

up-ice geostrophic wind, the upper ocean response was modified by the

buoyancy forcing and ice motion. The combined effects of the wind forc-

ing and ice motion due to a nonstationary ice cover caused weak down-

welling at the ice edge. Application of a downward surface buoyancy

flux (simulating ice melting) resulted in a 8 m elevation of the mixed

layer depth at the ice edge, or upwelling, next to the downwelling. The

existence of this dual (upwelling and downwelling) feature at the ice

edge differs from the weak downwelling predicted by Roed and O'Brien

(1983). Adding the effects of mixing had a significant impact on the

upper ocean circulation response and should be incorporated in future

models of dynamical MIZ processes.
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I. INTRODUCTION

A. BACKGROUND AND MOTIVATION

Global climate and weather variability have been linked to large-

scale interactions between the atmosphere, sea ice, and ocean. Recent

investigations (e.3., Walsh and Johnson, 1979; Niebauer, 1980; Walsh and

Sater, 1981; and, Overland and Pease, 1982) have associated ani. i and

seasonal fluctuations in the extent of polar ice cover with atn _iieric

variability. The position and movement of the ice edge has an .- tant

effect on synoptic weather patterns. During the winter in the ._ing

Sea, extreme horizontal temperature gradients at the polar margins are

well correlated with the development of cyclones (Overland and Pease,

1982). On the other hand, the seasonal advance and retreat of the sea

ice is strongly influenced by the large-scale atmopheric circulation.

Thus, dynamical interactions between the atmosphere, sea ice, and ocean

develop a very complex system in which the growth, decay, and movement

of the ice edge is both a cause and effect of variability.

The boundary between open water and ice-covered ocean, referred to

as the Marginal Ice Zone (MIZ). serves as an important dynamical transi-

tion region. Over the past two decades, field experiments such as the

Arctic Ice Dynamics Joint Experiment (AIDJEX) and theoretical modeling

of sea ice and the adjacent atmospheric and oceanic boundary layers have

added considerably to the understanding of the behavior or ice-covered

oceans. The problem of understanding the nature of the MIZ was address-

ed in 1981 by the Joint Scientific Committee of the World Meteorological

10
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Organization in a statement calling for an integrated research program

(Johannessen et al, 1982). In response to this recommendation and as a

result of workshops and meetings, a long-range experimental and modeling

strategy was formulated from which emerged MIZEX (Marginal Ice Zone

Experiment). MIZEX is an interdisciplinary project aimed at studying

specific mesoscale processes in the MIZ as part of a larger, more com-

prehensive experimental and modeling effort relating the large-scale

atmospheric and oceanic circulation to variability of the polar ice mar-

gins (Untersteiner, 1982). The first major experiment is sheduled to

take place during the summer of 1984 in the Greenland Sea ice-edge zone

north and west of Svalbard (see Figure 1).

A major goal of MIZEX will be to develop credible numerical models

of MIZ processes, to be used prior to an experiment and in the field to

optimize sampling strategies and as theoretical :nd products (McPhee,

1983b). The first coupled sea ice-ocean numerical model applied to

problems in the MIZ was developed by Roed avd O'Brien (1983). Their

study of ice edge upwelling revealed the important hydrodynamic and ice

rheology effects of the upper ocean in response to wind forcing.

However, an important consideration was ignored; the sea ice in the MIZ

is embedded in a turbulent, rotating oceanic planetary boundary layer

(OPBL). The purpose of this investigation is to further the earlier

work of Roed and O'Brien (1983) by including thermodynamic, advecti.ve,

and mixing effects in numerical simulations of ice edge upwelling. This

would seem to be the next logical step in the progression toward a com-

plete, coupled model of MIZ processes.

11
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Sea ice modifies the transfer of momentum from the atmosphere to the

)-caan; it acts as a thermal insul~tor; it significantly reduces the sur-

face albedo, it dampens and reflects surface wave motion; and, by freez-

ing and melting, it substantially alters the density structure of the

upper oc aan (McPhee, 1983b). The sensible heat flux at the ocean sur-

face strongly influences ice growth and sea surface temperature. The

associated surface buoyancy flux also influences mixing. Wind stress or

momentum flux at the air-sea interface contributes to ice drift, wave

and current generation, and mixing. As a result of wave action, the sea

ice in the MIZ is broken into discrete floes. The combination of a

greater exposed surface area and reduced ridging (brought about by

erosion) produces drag coefficients in the atmospheric surface layer

which are radically different than for the air flow over the interior

ice pack (Johannessen et al, 1982). The surface wind stress is there-

fore a function of the surface roughness. The size and distribution of

floes also affects the thermodynamics of the upper ocean. Melting of

the ice in summer may be enhanced along the floe edges, while in winter,

the growth rate is increased by the closing of open water areas

'Johannessen et al, 1982).

Modification of the upper ocean across the ice edge can be extreme,

with large horizontal gradients in temperature, salinity, and velocity

caused by the horizontal differences in the surface momentum and buoy-

ancy fluxes. The MIZ may at times coincide with manifestations of

permanent oceanic fronts (e.g., the East Greenland Polar Front) and

eddies; or, the ice edge itself may form a migrating, oceanic frontal

zone. Near the ice edge these changes become more pronounced and may be

13



enhanced by advection. As the ice edge drifts in response to the sur-

face wind and encounters warmer water, perhaps only slightly above the

melting point, rapid ablation begins. The input of relatively fresh

water at the top of the OPBL has the effect of stabilizing the water

column and results in significant changes to both the momentum and buoy-

ancy fluxes. Thus, the rate at which the sea ice grows or decays is

indicative of the thermodynamic state of the oceanic surface mixed layer.

(McPhee, 1983b).

B. PREVIOUS MODELS AND OBSERVATIONS

Ice edge upwelling and other mesoscale oceanic circulations in the

MIZ are believed to be caused by the surface gradients of wind stress

and buoyancy flux. The possibility of upwelling was first studied by

Gammelsrod et al (1975) using a linear, homogeneous, analytical model

and invoking a stationary ice cover. They showed that the change in

wind stress at the ice edge produced a divergence in the surface circu-

lation, resulting in upwelling. Clarke (1978) extended the work by

considering the effects of stratification. He modeled fast-ice edges

using quasi-geostrophic theory and found similarity between the results

and the ocean response near coasts. He also showed that a discontinuity

in stress at the ice edge and the resultant infinite wind-stress curl

caused the divergence of the surface flow, and hence upwelling.

Buckley et al (1979) first observed upwelling along the ice edge north

of Svalbard in winter during an experiment inspired by the earlier theo-

retical results. Niebauer (1982) developed a numerical model of the

response of a shallow stratified ocean to wind forcing near an ice edge.

14
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For computational stability, he assumed a stationary ice cover, and he

includ t a meltwater front close to the ice edge. The presence of a

stationary ice sheet has the effect of insulating the water from the

surface wind stress, and it is dynamically analogous to coastal upwell-

ing. The observations of Buckley et al (1979), and later by Alexander

and Niebauer (1981), appear to justify this assumption.

A model recently developed by Roed and O'Brien (1983) coupled a

dynamic sea ice cover with a two-layered ocean. The ice was allowed to

move and to yield an internal ice stress. They demonstrated the impor-

tance of a moving ice cover. Although they assumed wind forcing condi-

tions similar to those used in previous theoretical studies (e.g.,

Gammelsrod et al, 1975; Clarke, 1978; and, Niebauer, 1980), they found

very different results concerning vertical motion. Roed and O'Brien's

model predicted weak downwelling for the case of an along-ice edge wind

stress vector with the ice to the left and open water to the right (the

direction of this vector will be referred to as "up-ice"). In addition,

they were able to show that the internal ice stress and nonlinear advec-

tion terms were not crucial for the prediction of upwelling. More

recent observations by Johannessen et al (1983) support these results

qualitatively.

C. THE PROBLEM

The analytical study of Gammelsrod et al (1975) concluded that

future models of the ocean response at an ice edge should include den-

sity stratification and diffusion. Clarke (1978) included stratifica-

tion in his analytical model but found that the effects of nonlinearity

15
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and mixing were potentially important and must be considered to com-

pletely understand the dynamics of oceanic features in the MIZ, such as

ice edge upwelling. The present problem involves the development of a

coupled sea ice-ocean model incorporating the recommendations of the

previous analytical models and employing a nonstationary ice cover as

suggested by the findings of Roed and O'Brien (1983). A model capable

of simulating the upper ocean circulation response to wind and thermal

forcing that includes the effects of advection, diffusion, and mixing is

described below.

The application of the model to the case of ice edge upwelling and

the effect of including advection and mixing on the upper ocean circula-

tion will be shown in the sections to follow. Both stationary and moving

ice cover cases are employed for comparison with the previous theoreti-

cal work. Also, the sensitivity of the model solutions to variations in

wind forcing and surface buoyancy flux (thermal forcing) is determined.

The model results are compared with observations in the MIZ and the

other models of ice edge upwelling. The present model features a simple

ice-ocean stress parameterization which is used to simulate an ice cover

and to force the upper ocean under the ice, given the geostrophic wind.

A key new feature is the inclusion of mixing which may be modulated by

prescribing a surface buoyancy flux.

16
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II. THEORETICAL FORMULATION

A. GENERAL

Designing a numerical model for the important processes of the MIZ

is particularly difficult. Interactions between the atmosphere, sea ice,

and ocean are physically and dynamically coupled. They involve feedbacks

on all scales of motion and constitute a spatially complex and highly

nonstationary system. In the polar seas, large-scale atmospheric forc-

ing drives the ocean circulation for both the open and ice-covered areas.

The resultant geometry of the MIZ may then affect climate and synoptic

weather patterns by thermodynamic feedback mechanisms. Equally impor-

tant are the intermediate and mesoscale atmosphere and ocean features

which affect the temperature and salinity structure in the upper ocean

and are a cause and effect of sea ice growth, decay, and movement.

Heat transfer from the ice to the ocean (and from the ocean to the

ice) is an important factor in determining the position of the ice mar

gin and how it evolves. Sea ice melting and freezing are thermodynamic

processes which seasonally transform the MIZ. The melting of sea ice in

contact with water above the melting temperature occurs by heat transfer

across a turbulent OPEL (McPhee, 1983a). The resulting input of fresh

meltwater into the upper ocean acts to stabilize the OPEL by producing

an upward flux of surface salinity, or a downward surface buoyancy flux

which consumes (damps) turbulence. The meltwater forms an insulating

layer under the ice that also retards further heat transfer. The same

effect can lessen the efficiency with which momentum is transferred by

17
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effectively reducing the drag on the ice, with the result that the ocean

beneath the ice cover is less accelerated (McPhee, 1983a). However,

mixing of the OPSL will affect the transfer of momentum and virtually

negates the insulating properties of the meltwater layer. When the

water below the ice cover is colder, freezing takes place and there is a

downward flux of salinity into the OPBL. Associated with the salinity

flux is an upward surface buoyancy flux which produces turbulence in the

OPEL.

The mixing response of the upper ocean to external forcing is com-

plex. A continual input into the OPBL of wind energy maintains the tur-

bulence and hence, acts to deepen the mixed layer through entrainment.

Freezing or ice growth supports the effects of wind stirring through the

buoyant production of turbulent energy which, when coupled with shear

instability at the base of the mixed layer, causes rapid deepening of

the mixed layer. The transfer of buoyancy into the OPBL by ice melting

has the opposite effect on the mixed layer by reducing the amount of

turbulent energy available for mixing. As a result, entrainment lessens

and the mixed layer shallows. Shallowing will concentrate the momentm

within the layer causing the ocean under the ice cover to accelerate.

While the depth-integrated mass transport is the same regardless of

changes to the mixed layer, the resultant vertical motion and upwelling

are increased. Therefore, the evolution of the OPEL and its properties

(e.g., well-mixed temlperature, salinity, and density, and mixed layer

depth) affect the ocean response to external forcing by concentrating

the energy in a shallower layer (in the case of mixed layer shallowing)

or by spreading the energy over a deeper layer (in the case of deepening).

18



This effect of mixing on the OPBL is a hypothesis for the observed ice

edge upwelling with an up-ice wind.

The simulation of ice edge upwelling by a numerical model requires a

system capable of resolving both small-scale motions and the large-scale

horizontal variability of the upper ocean structure. The coupled sea

ice-ocean model described below satisfies these requirements, and it in-

corporates thermodynamic and hydrodynamic processes in response to buoy-

ancy flux and wind stress forcing. Advection, diffusion, and mixing,

processes neglected in other models, were included in the ocean model.

These processes may be as important as the wind stress in determining

changes to the upper ocean circulation in the MIZ. By predicting mixed

layer depth and comparing the results to the solutions for velocity and

buoyancy, the importance of adding these effects can be seen and the

applicability of the present model to MIZ problems demonstrated.

The motion will be described relative to a Cartesian coordinate sys-

tem (x,y,z) in which the x-axis is parallel to the ice edge (along-ice)

and the positive y-axis is taken to be in the off-ice direction. The

model was applied to a two-dimensional (y,z) ocean region in the North-

ern Hemisphere, 100 km in horizontal extent and 500 m from the surface

to the bottom (Figure 2).

Sea ice of varying thickness covers half of the surface (50 km) in

the static ice cases. In cases simulating a nonstationary ice cover,

the ice edge is advected away from the midpoint in the y-direction at a

rate determined in the sea ice model.

The system is forced by a specified surface buoyancy flux, and a

specified geostrophic wind field which is assumed to be constant over

19
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Figure 2. The Coupled Sea Ice--Ocean Model Coordinate System. The x-

axis is parallel to the ice edge (along-ice) and the y-axis
is perpendicular to the edge (across-ice).
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the y-domain. The wind is input as a geostrophic wind vector which is

given by

w -U + iV
g g g

where U and V are components of the geostrophic wind relative to the xg g

and y axes respectively, and i = /- . The wind vector is then reduced

to an equivalent wind stress vector in the sea ice model by a method to

be described in the following section. In all cases, the geostrophic

wind speed is assumed to be 10 m/sec. This value was selected as repre-

sentative of the Greenland Sea MIZ during the summer melt season. Typi-

cal values of constants and parameters used in the model are given in

Table I.

The conservation of buoyancy is employed as a generalization of the

conservation of heat and salt after Garwood (1977). Buoyancy is the

sole thermodynamic variable in the ocean model and contains the contri-

butions due to salinity as well as temperature. Thus, the linearized

equation of state for the ocean becomes

B = g {a(T - T ) - 8(S - S 0

where B is buoyancy; T and S are the ambient temperature and salinity

respectively; T and S0 are reference values of temperature and salinity;

a and $ are the expansion and contraction coefficients for heat and salt

respectively; and, g is gravity. The surface buoyancy flux, B'w'(0), is

parameterized by

B-w(0) = ag $ _g S'w'(0)PC p (2)

Here, Q0 /pCp is the surface temperature (heat) flux and S'w'(0) is the

surface salinity flux given by

S'w'(0) - <S> d (3)

21



TABLE I

Model Constants and Parameters

SYMBOL PARAMETER VALUE UNITS

D Maximum Depth 500.0 m
Ay Grid Length 500.0 M
At Timestep 90.0 sec
H Ice Thickness 1.0 m
h Mixed Layer Depth 19.0 m
d Sea Ice Melt Rate 0.1 m/day

P Density of Air 1.3 kg/m
a Density of Seawater 1027.6 kg/m 3

Pi Density of Sea Ice 910.0 kg/m 3

Z Oa Roughness Length over the
Sea Ice 0.005 m

z w Roughness Length over the
Seawater 1.0xl0- im

z 0 Roughness Length under the
Sea Ice 0.1 m

AHM Horizontal Eddy Coefficient
of Viscosity 102 m 2/sec

A B Horizontal Eddy Coefficient
of Conductivity 102 m 2/sec

KVM Vertical Eddy Coefficient
of Viscosity 5.0x10- 3  m2/sec

K VB Vertical Eddy Coefficient
of Diffusivity 5.0x10 3  m 2/sec

c Drag Coefficient at the
aw Air-Ocean Interface 1.3x10-3

L Expansion Coefficient
for Heat 0.2x10 3  (Oc)-

Contraction Coefficient
for Salt 0.75x10- 3  (/oo) -1

f Coriolis Parameter 1.4x10 4 sec-1

g Gravity 9.81 m/sec2

K von Karman Constant 0.4
T Reference Temperature 10.0 0C

S0  Reference Salinity 35.0 0 /oo
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<S> is a mixed-layer average representative salinity and d is the ice

melting rate. In the experiments to be described later, a surface sali-

nity flux of -0.003 0/oo-cm/sec was assumed; this equates to a melt rate

of approximately 10 cm/day. Melt rates of the order of 1 to 10 cm/day

are not uncommon and may occur when ice moves across a frontal zone,

where the mixed-layer temperature may change by as much as 2 to 3 K with-

in several kilometers (McPhee, 1982). The surface buoyancy flux is taken

to be positive in the upward direction and represents heat transfer.

B. SEA ICE MODEL

The sea ice model consists of parameterizations for the transfer of

momentum at the air-ice, air-ocean, and ice-ocean interfaces. When taken

together, they provide the wind forcing that stirs the boundary layer

below the ice cover and in the open ocean. (In a personal communication

from Miles G. McPhee, a procedure for treating the interfacial stresses

was outlined.) Applying similarity theory (McPhee, 1981), the prescribed

geostrophic wind vector, W , is used to determine an equivalent surface

wind stress over the ice,

tP u u
ai a *ai *ai

an equivalent surface wind stress over the open ocean (referred to as

the open water stress),
A A

Taw Pa U*aw U*aw

and the stress acting upon the ocean at its interface with the ice (re-

ferred to as the interfacial stress),
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where u*a and u, are friction velocities in the atmospheric and oceanic

boundary layers respectively.

The (vector) friction velocity in the direction of the (ice) surface

wind stress, U*ai, is determined from W according to a Rossby-similarityg

law: g
W { -L (in R0, - A)-iB}

U*a (4)

Here, ic is von Karman's constant; A and B are empirical constants (A = 2,

B = 4); and, Ro, is a surface friction Rossby number given by
U*ai

where z is the roughness length parameter over the sea ice. u* is the

(vector) friction velocity in the direction of the (ice-ocean) interfac-

ial stress with a magnitude of u, = (Tiw/pw )

An equation of motion for the ice is

3vp.H ( i + ifV.) + Advection Terms = - Vp + PaU aU a - PwU*U* + Va (5)
1 at .

where H is the ice thickness; Vp is the pressure gradient due to the sea

surface tilt; Va. is the gradient of the internal ice stress; and, V. is3. 1

the (vector) velocity of the ice. V. can be determined from u, by an-
1

other application of the Rossby-similarity law:

V. = 1 B.
. - (ln Ro.i - A.) - i -

- } (6)
K1 K

u,

where A. and B. are constants (A. = B. = 2) and Roi is the interfacial1 1 1 1

Rossby number given by
u,

Ro *i fz 0.

Here, z i is the roughness length parameter for the underside of the ice.

Assuming (1) that the local time derivative of V. is negligibly small

(i.e., steady state, as in the ocean model), (2) that the (geostrophic)

current due to the pressure gradient can be ignored, (3) that the
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advective acceleration terms are negligible, and (4) that the internal

ice stress gradient is also negligible (a similar assumption was made by

Roed and O'Brien), (5) reduces to

ipiHfVi = Pa U*aUa - PwU.U. (7)

Figure 3 is a sketch of the balance of forces represented in (7). As

the ice thickness (H) decreases, the balance approaches u.ai = (pw/Pa )U.

Thus, in the present Rossby-similarity approach, using a constant geos-

trophic wind field is very different from the assumption of a constant

surface wind made in previous models.

A

A

*1W

A

w

A

pIH fVj

Figure 3. Balance of Forces on Sea Ice in the MIZ. T, T., and V.
are the air stress, the water stress, and te resltant ice
velocity respectively.

Equations (4) and (6) are solved iteratively for u, and u*ai, assum-

ing an arbitrary initial value. These results are used to calculate

stress components, relative to the model coordinate system, acting on

the ocean under the ice cover. The open water stress components are

determiaed by solving (4) for a (vector) friction velocity at the
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air-ocean interface, assuming a different roughness length, z . The

values for the roughness lengths over the ice and ocean were chosen such

that the drag coefficient of the ice surface is about two times the drag

coefficient over the open ocean. The ice velocity, determined by solv-

ing (6), is passed to the ocean model. The stress components provide

the wind forcing in the ocean model while the ice velocity is used to

advect the ice cover in the nonstationary cases.

C. OCEAN MODEL

The embedded ocean general circulation--mixed layer model of Adamec

et al (1981) was modified for the cartesian coordinate system described

above. The wind forcing which is computed in the sea ice model is pass-

ed ti the ocean model as an equivalent wind stress vector. The thermal

and salinity forcing is prescribed as a total surface buoyancy flux. As

mentioned before, buoyancy is the only thermodynamic variable in the

ocean model and it includes the effects due to both temperature and sal-

inity. The interfacial stress components and buoyancy forcing are appli-

ed to the ice-covered portion of the y-domain. Over the open ocean

(assumed to be the remainder of the domain), the open ocean stress com-

ponents and a zero buoyancy forcing are applied. Both the wind and

buoyancy forcing are applied impulsively from the start time, and these

values are maintained for the duration of the model run.

In the embedded ocean circulation--mixed layer model, hereafter

called the ocean model, the ocean is assumed to be hydrostatic and in-

compressible, and density is taken to be a linear function of both

temperature and salinity. In addition, the f-plane approximation is
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made. The governing equations for the ocean model are

au a(uv) 3(uw) a ) 3(u'w')

av a (w )a (vw ) fl1 .+a av) a (v'wiat My zo - 0 +Y ay HZy (9)

aB a (Bv) aC(w) a aB a(B'w
u (A + y - az (1O)atay az P ay aHaEa 9

av aw
0y (11)

z -PO (g - B) (12)

where u, v, and w are the components of velocity parallel to the ice edge,

normal to the ice edge, and in the vertical, respectively; p is pressure;

p is density; AHM and AHB are the coefficients of horizontal eddy viscos-

ity and conductivity, respectively; and, P0 is the density of seawater at

the reference temperature, To, and salinity, S0 .

In the ocean model, fluxes of momentum and buoyancy are computed

across the air-ocean interface and across the y-axis boundaries where

cyclic continuity is maintained. The specific boundary conditions are

w = 0 at z = 0,-D (13)

- (u'w') / P0

- WI - T / 0O at z 0 (14)

- (B'w') - ag (Q0/Pc) - g (S'w')

(u'w') = (v'w') (Bw') -- 0 at z -- D (15)
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Setting w 0 at the top of the ocean, as in (13), requires that the

divergence of the vertically-averaged motion be zero; in the ocean

model, the vertically-averaged horizontal motion is assuned to be ident-

ically zero. Taking the vertical average of the u and v momentum equa-

tions, and subtracting them from (8) and (9), gives the prediction

equations for u and v.

au (uv) a(uw) a WW uI (16)

- -a y az ay HK ay 3z ay POD

av 3(vv) a(vw) 1 +v a(v'w')
-fu -- + (A -)at ay az pOay y May z(17)

a-,-(vv) + p
ay POD

Here, () denotes a vertical average over the total ocean depth, D, and

<p> = p- is the mixed-layer average pressure. Vertically integrating

(12) gives <p> as a function of B alone, or

<p> = p - p =-f~p 0 (g - B) dz + L _{zp0(g - B)dz} dz (18)

The final element in the ocean system is derived by integrating the

continuity equation, (11), over the mixed layer and applying the rigid-

lid approximation, (13). A prediction equation for the depth of the

well-mixed layer, h, is given by
3h
t + w(-h) = we (19)

where w is the entrainment velocity. The equations (10), (11), (16),e

(17), (18), and (19), along with the boundary conditions (13) - (15),

represent a closed system of equations for the variables u, v, B, <p>, w,

and h.

The parameterization of the turbulence quantities (e.j., u'w', v'w',

we, etc.) is dependent on the mixed layer depth (h). At depths greater
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than h, i.e., below the ocean surface mixed layer, the classical eddy

viscosity and eddy diffusivity formulation is used. The vertical turbu-

lent fluxes of momentum and buoyancy become

uw - - KVM 5z

vw - - K v (20)

where KVM and XVB are the vertical eddy coefficients for viscosity and

diffusivity respectively. In the upper ocean below the influence of

atmospheric stirring, the values of K., and KVB are approximately con-

stant. However, between the ocean surface and the base of the mixed

layer, in the region of intense turbulent mixing, their values are depth

and time dependent. Here, a scheme based on the intensity of the turbu-

lence and entrainment is appropriate.

Using equations derived from the turbulent kinetic energy budget,

Garwood (1977).proposed a parameterization for the mixed-layer turbulence

variables. These same bulk second-order closure methods are incorporated

in the mixing part of the ocean model. The buoyancy flux at the base of

the OPBL is given by

B'w(-h) = <ww> <E> (21)

where <w'w'> and <E> are mixed-layer average (bulk) values of the verti-

cal component and total turbulent kinetic energies, respectively. In the

entrainment zone, buoyant damping attributable to B'w'(-h) is assumed to

be balanced by the convergence of turbulent kinetic energy flux. The

prediction equations for the mixed layer turbulence quantities are
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-(- CE> 3 h B'Wi (- Is + fh)<-CE>t- (22)

h - h{ 2w(-h) - 'w(0)} + (<7> - 3<,- >) <i>at22

(<E> + fh)<>
3 (23)

Here, u, - (T/p ) where T is the magnitude of the surface wind stress,

Pa is the density of air, and Ri = (hAB/Au2 + AV2) is the bulk

Richardson number.

The bulk turbulent kinetic energy equations, (22) and (23), are solv-

ed by assuming a quasi-steady state. For time scales of greater than a

few hours, this assumption was found to be valid (Adamec et al, 1981)

and permitted the use of longer time steps, improving the numerical

efficiency of the model. The downward fluxes of momentum associated with

entrainment at the base of the mixed layer are then computed from the

entrainment buoyancy flux, (21), and are given by
-- A = -B'w'-h)Au

- u'w'(-h) = we u = - Bw(-h) (24)

- vw(-h) - w Av = - Bw'(-h) AV (25)- v'w(-h)= we AB

The quantities AB, Au, and Av are the buoyancy and velocity differences

(or "jumps") between the bulk values in the mixed layer and the water

column below the mixed layer.

The amount of turbulent kinetic energy available for mixing at the

base of the mixed layer is dependent upon the surface buoyancy flux and

the friction velocity. The ocean model can treat both fundamental types

of boundary layer evolution: (1) deepening by entrainment and (2)

shallowing. Provided the computed values for h and the momentum and

buoyancy profiles are unique, i.e., the mixed layer is homogeneous, heat
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is conserved, and the new h is deeper than the previous value, there will

be sufficient turbulent energy for entrainment and deepening. In the

event that there is inadequate vertical turbulent kinetic energy to

transport buoyancy down to the base of the existing mixed layer, shallow-

ing will occur. Then (21) is not applicable and there will be new steady

state forms of (22) and (23) which conserve potential energy. In general,

the depth of the shallowing mixed layer is a function of the two nondi-

mensional parameters, h/L and hf/u,, where L is the Obukhov length scale.

In the derivation of the bulk model, Garwood (1977) assumed that the

mixed layer was dynamically unstable and the underlying water column was

dynamically stable. Dynamic stability, as measured by the gradient

Richardson number (Ri), is enforced throughout the water column below the

mixed layer in the ocean model. This "dynamical adjustment", which is an

improvement upon the convective parameterizations employed in ocean

circulation models, is performed at each timestep.

The specific method of embedding the mixed layer model of Garwood

(1977) into the ocean circulation model of Haney (1980) is described in

Adamec et al (1981). To summarize how the model works, at the beginning

of each timestep the tendencies due to advective and diffusive processes

are calculated in the dynamic portion of the model for all layers and the

predicted variables (u, v, B, and h) are stepped forward in time. Next,

the changes due to the surface fluxes of momentum and buoyancy and

entrainment mixing are calculated in the mixing part of the model.

During this stage, the treatment depends on whether the layer is deepen-

ing or shallowing. The computed mixing tendencies are then applied to

the variables and returned to the dynamic part for the next timestep.
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All of the computations are done using a staggered grid for better reso-

lution and improved computational stability.

The following section will describe a model experiment in which the

coupled sea ice-ocean system described above is employed to determine

the upper ocean circulation response to variations in wind and surface

buoyancy flux forcing. The case of ice edge upwelling is examined to

show the significance of the new features incorporated in the present

model, and their effects on the ocean circulation.
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III. THE MODEL EXPERIMENT

In the previous theoretical studies, the importance of the magnitude

and direction of the surface wind stress has been demonstrated in the

occurrence of ice edge upwelling. According to Gammelsrod et al (1975)

and Clarke (1978) an up-ice wind forcing causes an oceanic surface trans-

port to the right of the wind, or off-ice. Since they assumed that the

ice cover behaved like a coast, i.e., it was stationary, there would be

no similar transport under the ice. This condition would lead to a

divergence in the surface Ekman transport across the ice edge and upwell-

ing. Conversely, using the previous analytical models (Gammelsrod et al,

1975; Clarke, 1978), a down-ice wind causes an oceanic surface transport

"I

convergence and downwelling at the ice edge.

A more recent study using a coupled sea ice-ocean numerical model

with a moving ice cover (Roed and O'Brien, 1983) showed that an up-ice

wind was actually conducive of weak downwelling at the ice edge. Roed

and O'Brien attributed the disparity between their numerical result and

the earlier analytical models to ice motion. Assuming a drag coefficient

for the ice surface twice as large as for the open (ice-free) ocean, they

compute an interfacial stress acting on the ocean under the sea ice cover.

The atmospheric momentum transferred to the ocean via the interfacial

stress is greater and, therefore, the surface transport is larger in mag-

nitude than in the open water. The resultant convergence of the across-

ice-edge surface Ekman transport drives the downwelling.
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The intent of the model experiment is to determine the effects of

surface forcing on the upper ocean dynamics in the MIZ. Of general

interest is the effect of the addition of mixing upon the vertical motion

and MIZ upper ocean circulation. Of special interest is the contention

of Roed and O'Brien (1983) that a nonstationary ice cover is critical for

the upwelling phenomenon. For the purpose of investigating these effects

and testing the mixing hypothesis, several runs of the model were made.

By varying the wind and surface buoyancy flux forcing, the relative

effect of each on the upper ocean circulation response can be measured.

Comparing these results using a stationary ice cover to the case where a

moving ice cover is employed, the effect of ice motion is determined.

In each run, the coupled sea ice-ocean system described in the pre-

vious chapter is initialized with a buoyancy profile derived from obser-

vations of temperature and salinity structure in the MIZ (Paquette and

Bourke, 1978; Buckley et al, 1979). Figure 4 depicts the initial buoy-

ancy field to be used in the model runs. It was derived from temperature

and salinity using the equation of state for the ocean. This particular

field was used because it is typical of melting sea ice in the MIZ. The

mixed layer at the initial time is assumed to have a uniform depth of 19

meters.

There are three model cases using this initialization: Case I in-

cludes runs with different surface buoyancy fluxes; Case II varies the

wind forcing; and, Case III invokes a moving ice cover with varying wind

forcing and a downward surface buoyancy flux (simulating ice melting).

Each model run spans a period of two days and the output consists of

fields of horizontpl velocity, buoyancy, and mixed layer depth. All of
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Figure 4. Buoyancy Field Used for Model Initialization. The units of
buoyancy are cm/sec2 and the contouring interval is 0.1
cm/sec2 .
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the predicted variables are plotted every six hours. For runs in which

a stationary ice cover is assumed (Cases I and II), the ice edge position

is fixed at the midpoint of the model domain. A nonstationary ice cover

is simulated by advecting the ice edge with the y-component of the ice

velocity determined in the sea ice model. (In these runs, Case III, the

zero label on the abscissa of the figures represents the initial and not

the actual, time-dependent ice edge position.)

The following sections will describe the results of the case studies

and offer some explanations for the predicted ocean response. In all

cases the wind forcing is applied as components of the surface stress

over the ice-free ocean and the interfacial stress under the ice cover.

For a 10 m/sec geostrophic wind, the open (ice-free) ocean surface stress

is approximately 0.78 dynes/cm2; the surface stress on the ice cover is

1.12 dynes/cm2 ; and, the interfacial stress under the ice is about 1.21

dynes/cm2 . The direction of the stresses depends upon the wind; the open

water stress, ice surface stress, and interfacial stress are directed

6.7, 11.6, and 5.7 degrees to the left of the geostrophic wind in each

case, respectively.

The figures which depict the model solutions have been placed to-

gether at the end for easy reference. Positive contours of a quantity

are represented by solid lines in a field while dashed lines represent

negative contours. Also, the depth scale on the ordinate is potentially

misleading. Because of the coarse vertical resolution of the ocean model,

the mixed layer is not accurately portrayed in the fields of velocity

and buoyancy. Although this graphical distortion can be eliminated in

future studies, the qualitative results will be very similar.
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A. THE MODEL RESPONSE TO BUOYANCY FLUX FORCING

The first case of the model experiment reveals the importance of

buoyancy flux forcing and the nature of the contribution of buoyancy in

predicting the response of the upper ocean circulation in the MIZ. The

sensitivity of the model to such forcing was investigated by alternately

prescribing null, downward, and upward surface buoyancy fluxes. An up-

ward (positive in the model) surface buoyancy flux was chosen a priori

to simulate ice growth or freezing, while the downward (negative) surface

buoyancy flux was determined from (2) and (3) above. Solutions using 0,

-0.002, and 0.001 cm2/sec 3 for the surface buoyancy flux are described

below.

The wind forcing for all three runs of this case is down-ice or

(10.0,0.0) m/sec, where 10.0 m/sec is the x-component of the geostrophic

wind (U ) and 0.0 m/sec is the y-component of the geostrophic wind (V )."g g

According to Gammelsrod et al (1975) and Clarke (1978) this forcing is

conducive .of downwelling at the ice edge. Using the model of Roed and

O'Brien (1983), a down-ice surface wind drives upwelling. In this case,

like the previous analytical models, a stationary ice cover is assumed.

Hence, the effects of ice motion have been omitted. However, because of

the interfacial stress which results when momentum is transferred through

the ice, the ocean under the ice is accelerated.

1. Null Surface Buoyancy Flux Condition (Case IA)

The condition of zero surface buoyancy flux is equivalent to for-

cing the system with the surface wind stress alone. In this run, the

response of the model to wind forcing which by Gammelsrod et al (1975)

is conducive of downwelling is considered. Here, the wind stress is in
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the direction of the positive x-axis. The x-component of velocity, or

the along-ice edge component of the upper ocean circulation, calculated

by the model at hour 6 of the run (Figure 5) shows a strong geostrophic

response to the imposed initial conditions under the ice cover with weak,

positively-directed flow in the open ocean. A maximum current of 32

cm/sec is found at about 20 km from the ice edge. The open ocean near-

surface current is only 1 cm/sec. At hour 24 (Figure 6), the magnitude

of the under-ice current is less (22 cm/sec) while the open ocean

response has intensified (2 cm/sec).

The convergence or divergence of the oceanic surface transport

can best be visualized in the V-field, the y-component of the velocity

(or across-ice edge component of the upper ocean circulation), since the

transport for a down-ice wind is directed on-ice (in the negative y-

direction). At hour 24 (Figure 7), the cluster of dashed contours under

the ice indicates a divergence of the on-ice surface flow; the ocean

under the ice cover is moving faster due to the larger stress acting on

it. The corresponding buoyancy field (Figure 8) and mixed layer depth

curve (Fiire 9) have features which indicate upwelling at the ice edge.

The mixed layer depth is displaced upward about 8 m at the ice edge.

The wind stirring of the mixed layer increases the level of tur-

bulence and mixing which in turn deepens the mixed layer by entrainment.

The model solution for mixed layer depth at hour 42 (Figure 10) shows

that a deepening of about 6 - 8 m has occurred under the ice cover.

2. Downward Surface Buoyancy Flux Condition (Case IB)

The downward surface buoyancy flux of -0.002 cm2 /sec 3 corresponds

to a melt rate of approximately 10 cm/day. The influx of fresh meltwater
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under the ice cover acts to stabilize the mixed layer and should oppose

the deepening influence of the wind forcing. That is, the effect of ice

melting alone will be to shallow the mixed layer and concentrate the

momentum transferred to the ocean under the ice by effectively increasing

the current within the mixed layer.

The model solutions for this run were very similar to those for

Case IA. The magnitude of the downward surface buoyancy flux w-P too

small to influence perceptively the results. The velocity fields, U and

V at hour 24 (Figures 11 and 12), are the same as in the previous run.

Again, the orientation of the dashed contours under the ice in the

V-field is indicative of a divergence of the flow from the slower moving

open ocean. The buoyancy field at hour 24 (Figure 13) show a deformation

of the 2.5 cm/sec2 contour at the ice edge, an upward bending, that indi-

cates an upward flux of buoyancy at that point. It corresponds to a

similar feature in the mixed layer depth (Figure 14) which is indicative

of upwelling. The upwelling is presumably occurring in response to the

wind forcing. since there is no appreciable difference between the

curves of mixed layer depth at hour 24 for the null and downward surface

buoyancy flux conditions, the wind forcing effect is considered dominant

and probably masks the response due to the buoyancy flux forcing in this

case. Forcing the model system with a larger buoyancy flux and/or a

weaker wind should demonstrate the modifying effect of the buoyancy

forcing. A run was made using such forcing and the results show a marked

shallowing of the mixed layer under the ice with weak upwelling at the

ice edge.
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3. Upward Surface Buoyancy Flux Condition (Case IC)

In contrast to the previous conditions, an upward surface buoy-

ancy flux of 0.001 cm2/sec 3 produces instability within the mixed layer,

enhancing entrainment at the base of the mixed layer. The upward trans-

fer of buoyancy out of the OPBL occurs in the presence of ice growth by

freezing. During the freezing process, salt is excluded from the surface

causing a downward flux of salinity or an upward buoyancy flux. As a

result, turbulence is increased and the mixed layer deepens by entrain-

ment. This effect is superimposed on the deepening influence of the

wind stirring of the mixed layer.

The model solutions after 24 hours are not very different from

the two previous runs. The velocity fields (Figures 15 and 16) are near-

ly identical in all three runs of Case I. Buoyancy (Figure 17) and mixed

layer depth (Figure 18) at hour 24 depict features which resemble the

effect of upwelling at the ice edge. The mixed layer appears to be only

slightly deeper under the ice than in the open ocean, a trend that

continues for the remainder of this run.

Clearly, the down-ice wind forcing in this case contributes to

an upwelling at the ice edge. This result is in qualitative agreement

with the study by Roed and O'Brien (1983). It also shows the impracti-

cality of assuming the ice cover acts like a coast, with no momentum

transfer to the ocean beneath the ice. The interfacial stress and the

surface Ekman transport it causes are critical for the oceanic response

that drives the upw~lling. Here, the imposed surface buoyancy fluxes

have little effect on the upwelling phenomenon. In the run with a down-

ward surface buoyancy flux, the mixed layer under the ice shallowed
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indicating that any upwelling may be enhanced. With an upward surface

buoyancy flux, mixing is increased and the upwelling is opposed by deep-

ening of the mixed layer. The next step will be to vary the wind forc-

ing direction and to look at cases in which downwelling might be

predicted by the other models. Perhaps, then the effect of applying a

downward surface buoyancy flux will be more evident.

B. THE MODEL RESPONSE TO WIND FORCING

Next, the response of the model system to wind forcing is consider-

ed. The sensitivity of the model to wind forcing was investigated by

prescribing a geostrophic wind of 10 m/sec of varying direction. The

effect on the upper ocean circulation of down- and up-ice wind forcing

is described above. An on-ice wind should act through surface friction

to compact the ice floes, while an off-ice wind would disperse the ice

floes that make up the edge zone. Observations by Bauer and Martin

(1980) in the Bering Sea MIZ during March 1979 show that the leading

floes at the ice edge accelerated away from the pack forming so-caller

"ice-edge bands." McPhee (1983a) suggests that this divergence occurs

when off-ice winds advect the edge over water that is above the melting

point for the ice. The effect on the ocean circulation of off-ice or

on-ice wind forcing has not been previously reported.

In this case, the model employs a stationary ice cover as before.

The buoyancy flux forcing for all runs of this case was the same, -0.002

cm2/sec 3. A downward surface buoyancy flux was chosen to determine the

comparitive influence of the different wind forcing under simulated ice

melting conditions. There are four runs in this case, with a down-ice,
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on-ice, up-ice, and off-ice geostrophic wind prescribed. The results

are described below.

1. Down-Ice Wind Forcing (Case IIA)

The results for a (10.0,0.0) m/sec or down-ice geostrophic wind

are indistinguishable from those described above for Case IB. As before,

the wind forcing drives the upwelling at the ice edge by creating a di-

vergence in the oceanic surface transport across the ice edge. The

ocean under the ice is accelerated more by the interfacial stress than

is the open ocean by its surface stress. The buoyancy flux forcing in

this case modifies the solutions by enhancing the upwelling at the ice

edge and shallowing the mixed layer under the ice cover.

2. On-Ice Wind Forcing (Case lIB)

An on-ice wind, (0.0,-10.0) m/sec, applied to the model system

with a stationary ice cover causes a surface Ekman transport in the

along-ice direction. The transport is in the negative x-direction (or

up-ice) and opposes the geostrophic current which is the result of the

imposed buoyancy field. As expected, at hour 24, the U-field (Figure 19)

shows a much weaker total current under the ice than in the previous runs

with a down-ice wind (maximum current speed is about 16 cm/sec). The

open ocean circulation is up-ice (dashed contours), in the direction of

the net surface Ekman transport. Also as expected, the corresponding

V-field (Figure 20) indicates that the on-ice flow is stronger under the

ice cover due to the larger stress. From the -4)yancy field for hour 24

(Figure 21), there appears to be a small downward pertubation in the 2.7

cm/sec2 contour at the ice edge. The mixed layer curve (Figure 22) shows

that in fact there is weak upwelling at the ice edge.
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3. Up-Ice Wind Forcing (Case IIC)

In principle, the condition of a (-10.0,0.0) m/sec or up-ice

geostrophic wind forcing the model is most similar to the treatment by

the earlier analytical studies which also assumed a stationary ice cover.

From the results described above for Case IIA (or Case IB), one would

expect the model solutions to support downwelling at the ice edge which

contradicts the findings of Gammelsrod et al (1975) and Clarke (1978).

The initial response of the ocean in this run is for weak downwelling.

Since the ocean under the ice is accelerated more than it is in the open

ocean, there is a convergence of the off-ice directed oceanic surface

transport across the ice edge which drives the downwelling.

Later, at hour 36, the downwelling is replaced by weak upwelling.

The U-field (Figure 23) shows that the open ocean flow is in the negative

x-direction (or up-ice) while the total current under the ice is reduced

by the ocean response to the up-ice wind stress. The V-field at hour 36

(Figure 24) has no recognizable convergence or divergence pattern. The

contours on both sides of the ice edge position are similar. However,

in the buoyancy field (Figure 25) the contours near the ice edge are

displaced upward indicating an upward vertical motion. The ocean circu-

lation response is manifested by a decrease in the mixed layer depth at

the ice edge of about 7 m (Figure 26), which is presumably attributable

to weak upwelling.

In this case, the weak downwelling predicted by Roed and O'Brien

(1983) is replaced by weak upwelling due to a shallowing of the mixed

layer under the ice. The downward buoyantly flux simulating ice melting

has the effect of opposing the ocean circulation response to wind forcing.
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4. Off-Ice Wind Forcing (Case IID)

The wind forcing for this run is (0.0,10.0) m/sec or off-ice.

Since ice motion has been neglected, the oceanic response is limited to

the geostrophic current due to the buoyancy field under the ice and a

surface Ekman transport in the positive x-direction (or down-ice). The

model solutions indicate no upelling or downwelling at the ice edge.

By varying the direction of the applied wind forcing with a con-

sistent downward surface buoyancy flux, it is clear that the upper ocean

circulation near the ice edge is not only dependent upon the wind forc-

ing but also upon the thermodynamic state of the OPBL. For an up-ice

geostrophic wind, the present model predicts weak upwelling at the ice

edge. The upwelling occurs after about 36 hours into the run and is a

result of mixed layer shallowing which, in this case, opposes the effect

of the wind forcing. Although the ice cover in this case was stationary,

the important forcing on the ocean under the ice by the interfacial

stress was incorporated. Hence, with forcing similar to that employed

by Roed and O'Brien (1983) in their numerical model, the ocean circula-

tion response is opposite. The only remaining variable in the problem

under consideration is the motion of the ice.

C. THE MODEL RESPONSE TO A MOVING ICE COVER

In the present model simulation a moving ice cover is incorporated

and the model is forced with a downward surface buoyancy flux and a 10

m/sec geostrophic wind in varying directions. As the ice edge advects

across the model domain (in the y-direction), the ocean area under the

ice that is affected by the ice melting and the interfacial stress
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changes. As a result, the upper ocean circulation and mixing are modi-

fied from the earlier cases where a stationary ice cover is assumed.

Solutions are described below for down-ice, on-ice, up-ice, and off-ice

wind forcing.

1. Down-Ice Wind Forcing (Case IIIA)

The model solutions for this run are nearly identical to those

for Cases IB and IIA, where similar forcing is applied. The y-component

of the ice velocity is on-ice at approximately 1.4 cm/sec. In other

words, the ice edge is moving to the left in the model domain and the

ice cover is "shrinking." After 24 hours, the ice edge has moved about

1.2 km from the initial position (center or "u' in the figures).

The U-field at hour 24 (Figure 27) is nearly identical to the

field in Case IB. The under-ice current and the open ocean circulation

are both directed down-ice. A divergence of the faster under-ice flow

from the near-surface flow in the open ocean is depicted in the V-field

(Figure 28). At the same time, the buoyancy field (Figure 29) and mixed

layer depth curve (Figure 30) show features that are indicative of up-

welling at the ice edge. As before, the buoyancy forcing enhances the

upwelling.

2. On-Ice Wind Forcing (Case IIIB)

The results for this run are similar to those for Case IIB,

described above. Here, the ice velocity is on-ice at 14.4 cm/sec. In

24 hours the ice edge will have retreated about 12.4 km. The ocean re-

sponse is modified due to the ice motion. The intensity of the upwell-

ing feature described earlier is reduced (see Figures 31 and 32). The
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depth of the mixed layer under the ice is somewhat reduced due to the

stabilizing effect of the downward surface buoyancy flux.

3. Up-Ice Wind Forcing (Case IIIC)

The model solutions for this run are similar to those for Case

IIC. The ice velocity determined in the sea ice model is off-ice at

approximately 1.4 cm/sec. After 42 hours, the ice edge will have

advected 2.1 km. In the modeling study by Roed and O'Brien (1983), an

up-ice wind was conducive of weak downwelling at the ice edge. Accord-

ingly, the wind forcing for this run is up-ice (as in Case IIC). The

model solutions from Case IIC show that the downward surface buoyancy

flux drives a vertical motion that opposes the effect of the wind stir-

ring on the upper ocean circulation.

As expected, at hour 42 of this run, weak upwelling is replaced

by weak downwelling at the ice edge and the mixed layer has shallowed

under the ice due to the downward surface buoyancy flux. In the velocity

fields (Figures 33 and 34) the influence of the growing ice cover over

the domain is evident. The geostrophic current is wider and the open

ocean circulation is very weak. The surface flow in the V-field indi-

cates that there is weak convergence of the surface transport at a point

just to the right of the initial ice edge position. An upward fluctua-

tion in the 3.2 cm/sec2 buoyancy contour (see Figure 35) is accompanied

by a depression of the contours at the ice edge. From the mixed layer

curve (Figure 36), it is evident that this feature is due to weak up-

welling located to the left of the weak downwelling at the ice edge.

Like in Case IIC, it is conjectured that the downwelling is a response

to the wind forcing while the upwelling is caused by the buoyancy flux
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forcing. To test this conjecture, another run of the model was made

using the same wind forcing, but with an upward surface buoyancy flux.

This test shows that the weak downwelling predicted by Roed and O'Brien

is indeed a response of the upper ocean circulation to an up-ice wind

forcing, and the upwelling is driven by the downward surface buoyancy

flux.

Clearly, the addition of ice motion has had a dramatic effect on

the upper ocean circulation. In Case IIC the downward surface buoyancy

flux resulted in weak upwelling at the ice edge. Here (Case IIIC), the

movement of the ice edge (off-ice) has the effect of enhancing the wind-

forced response and results in weak downwelling at the ice edge. This

downwelling is accompanied by weak upwelling caused by the buoyancy

forcing. These results are very different from the earlier studies and

indicate the complexity of the problem.

4. Off-Ice Wind Forcing (Case IIID)

The combination of wind and buoyancy forcing and ice motion

cause weak upwelling at the ice edge. This differs from the response

described earlier for Case IID. The ice velocity for this run was

determined to be 14.4 cm/sec in the off-ice direction. At this speed,

at hour 36 the ice edge will have moved 18.7 km off-ice from the initial

position.

The total current in this case is increased due to the down-ice

surface Ekman transport (see Figure 37). The upper ocean circulation in

the ice-free region is also down-ice. At hour 36, the across-ice com-

ponent of the circulation (Figure 38) is nearly uniform in the off-ice

direction (positive contours). Buoyancy (Figure 39) and mixed layer
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depth (Figure 40) show weak disturbances indicative of upwelling at the

ice edge. The mixed layer under the ice has shallowed.

The observations of Buckley et al (1979) are inconsistent with

the model results since they reported ice edge upwelling during the

early winter with up-ice surface winds. It is difficult to justify

making the assumption that the ice surface was melting, the condition

for which the model predicts upwelling. However, more recent observa-

tions in the Greenland Sea MIZ (Johannessen et al, 1983) are in strong

agreement with the model results. They describe ice edge upwelling

during down-ice surface wind conditions in the early fall. The months

of August and September are usually when melting occurs and it is

reasonable to expect the model to predict strong upwelling at the ice

edge.
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IV. SUMMARY AND CONCLUSIONS

The analysis of the ocean mixing and circulation response to the

prescribed wind and surface buoyancy flux forcing shows that advection,

diffusion, and mixing can be successfully introduced into this coupled

sea ice-ocean model. This is an important development. It indicates

that the important processes of ice melting and growth, and their effects

on the OPBL can be simulated to study features of the upper ocean circu-

lation in the MIZ, such as ice edge upwelling. This step is part of a

larger goal in which numerical models of important MIZ processes may be

developed and used to determine the position and evolution of the ice

margin.

Using a coupled sea ice-ocean general circulation mixed layer model,

the two-dimensional mixing and circulation response of the upper ocean

with an ice cover to prescribed wind and buoyancy forcing was simulated.

with an initial buoyancy field (from observations in the MIZ) and cyclic

horizontal boundary conditions, ice edge upwelling was created for a

down-ice geostrophic wind and varying surface buoyancy flux forcing. The

upwelling feature appeared in model solutions for both stationary and

moving ice covers and is due primarily to a divergence in the oceanic

surface transport. This finding is supported by observations from the

Greenland Sea MIZ in the early fall of 1979 (during NORSEX) as reported

by Johannessen et al (1983). In the case of ice melting (downward sur-

face buoyancy flux imposed), the upwelling is enhanced by mixed layer

shallowing caused by the influx into the upper ocean of fresh meltwater
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and an associated stabilizing effect on the layer. For an upward surface

buoyancy flux caused by freezing, the mixed layer deepens and the upwell-

ing is reduced somewhat.

The relationship between mixing processes and the wind-forced circu-

lation of the upper ocean is particularly important in the case of an up-

ice wind. This is clearly demonstrated in the numerical experiments in

which both stationary and moving ice covers are employed and the forcing

is varied. Here, the combined effect of the wind forcing and ice motion

causes weak downwelling at the ice edge and the downward surface buoyancy

flux drives weak upwelling nearby. This interaction between the effects

of thermodynamics-mixing, wind stirring, and ice motion may, therefore,

be an important mechanism for the generation of ice edge upwelling.

Under similar wind conditions, observations in the MIZ north of Svalbard

of ice edge upwelling were reported by Buckley et al (1979).

In the case of on-ice geostrophic wind forcing with a nonstationary

ice cover, the imposition of a downward surface buoyancy flux caused a

weak upwelling at the ice edge. Similarly, for an off-ice wind, the model

solutions indicated no upwelling or downwelling.

Further study is required in this area. While the present sea ice

model does a good job of calculating the ice-ocean interfacial stress

using a Rossby-similarity approach, given the components of the geostro-

phic wind (relative to the axis system oriented to the ice edge), several

important ice effects have been neglected (e.3., internal ice stress and

ice concentration). A more complete sea ice model could be developed and

coupled with the ocean model to produce more realistic ocean responses.
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The ocean model should be tested with dual thermodynamic variables

(temperature and salinity) and not just buoyancy.

Finally, the model results should be tested in the field by experi-

ments such as those planned during MIZEX. Observations of the upper

ocean properties near the ice edge and documenting of the conditions

under which upwelling or downwelling occur will aid in the development

of better models. Thermodynamic and mixing processes are important

modifiers of the upper ocean circulation in the MIZ, and should be in-

cluded in the future modeling of MIZ processes.

51

}U



U at hour 6
0.0

10.00

20.0

S30.0

40.0 -12.00'

50.0
0
0

60.0. .. . . . .

-20.0 -10.0 0.0 10.0 20.0
DISTANCE FROM ICE EDGE (kin)

Figure 5. Case IA - Along Edge Velocity (U) at Hour 6. The units of
velocity are cm/sec and the contouring interal is 1.0 cm/sec.
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U at hour 24
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Figure 6. Case 1A - Along Edge Velocity (U) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 7. Case IA - Across Edge Velocity (V) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 8. case IA - Buoyancy (B) at Hour 24. The units of buoyancy are
cm/sec2 and the contouring interval is 0.1 cm/sec 2.
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Figure 9. Case IA - Mixed Layer Depth (h) at Hour 24.
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h at hour 42
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Figure 10. Case IA -Mixed Layer Depth (h) at Hour 42.
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Figure 1.Case IB - Along Edge Velocity (U) at Hour 24. The units of

velocity are cm/sec and the contouring interval is 1.0 cm/sec.

S8



V at hour 24I o o I S I

I I I
40.0

508.00.----------8----

10.0 -60.0 0 2.0- - - - - - - - - - - -

-- -------- -------
0. 0 - -- -- -- -

"", ', I I I -

DISE '

20.0'.\

4 . r

" -- 
.

- -' 
-

0 I'

40.0 0

50.0 0

-20.0 -10.0 0.0 10.0 20.0
DISTANCE FROM ICE EDGE (kin)

Figure 12. Case IB - Across Edge Velocity (V) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 13. Case IB - Buoyancy (B) at Hour 24. The units of buoyancy
are cm/sec2 and the contouring interval is 0.1 cm/sec 2 .
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Figure 14. Case IB Mixed Layer Depth (h) at Hour 24.
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Figure 15. Case IC - Along Edge Velocity (U) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 16. Case IC -Across Edge Velocity (V) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 17. Case IC - Buoyancy (B) at Hour 24. The units of buoyancy
are cm/sec 2 and the contouring interval is 0.1 cm/sec2 .
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Figure 1.8. Case IC -Mixed Layer Depth (h) at Hour 24.
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Figure 20. Case IIB - Across Edge Velocity (V) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 21. Case IIB - 2Buoyancy (B) at Hour 24. The units of buo 'ancy
are cm/sec2 and the contouring interval is 0.1 cm/secy
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Figure 22. Case 11B - Mixed Layer Depth (h) at Hour 24.
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U at hour 36
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Figure 23. Case IIC - Along Edge Velocity (U) at Hour 36. The units of

velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 24. Case IIC - Across Edge Velocity (V) at Hour 36. The units of

velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 25. Case IIC - Buoyancy (B) at Hour 36. The units of buo ancy
are cm/sec 2 and the contouring interval is 0.1 cm/secy
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Figure 26. Case 11C -Mixed Layer Depth (h) at Hour 36.
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Figure 27. Case IIIA - Along Edge Velocity (U) at Hour 24. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 28. Case IIIA - Across Edge Velocity {V) at Hour 24. The units of

velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 29. Case IIIA - Buoyancy (B) at Hour 24. The units of buoyancy
are cm/sec 2 and the contouring interval is 0.1 cm/sec 2 .
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Figure 30. Case IIIA -Mixed Layer Depth (h) at Hour 24.

77



B at hour 24
0.0

10.0 N ,o3.00____

20.0

I2.4

30.0 c

00

40.0

60.0

-20.0 -10.0 0.0 10.0 20.0

DISTANCE FROM ICE EDGE (kin)

Figure 31. Case 11IB - Buoyancy (B) at Hour 24. The units of buoyancy
are cm/sec2 and the contouring interval is 0.1 cm/sec2.
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Figure 32. Case rtuB - Mixed Layer Depth (h) at Hour 24.
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Figure 33. Case IIIC - Along Edge Velocity (U) at Hour 42. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 34. Case IIIC - Across Edge Velocity (V) at Hour 42. The units c
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 35. Case IIIC - Buoyancy (B) at Hour 42. The units of buoyancy
are cm/sec2 and the contouring interval is 0.1 cm/sec2.
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Figure 36. Case IIIC - Mixed Layer Depth (h) at Hour 42.
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Figure 37. Case 11ID - Along Edge Velocity (U) at Hour 36. The units of
velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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Figure 38. Case IIID - Across Edge Velocity (V) at Hour 36. The units of

velocity are cm/sec and the contouring interval is 1.0 cm/sec.
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h at hour 36
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Figure 40. Case IIID - Mixed Layer Depth (h) at Hour 36.
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